A series of iron(II) chloride complexes of pentadentate ligands related to α,α,α′,α′-tetra(pyrazolyl)-2,6-lutidine, pz4lut, has been prepared to evaluate whether pyrazolyl substitution has any systematic impact on the electronic properties of the complexes. For this purpose, the new tetrakis(3,4,5-trimethylpyrazolyl)lutidine ligand, pz**4lut, was prepared via a CoCl2-catalyzed rearrangement reaction. The equimolar combination of ligand and FeCl2 in methanol gives the appropriate 1 : 1 complexes [FeCl(pz R 4lut)]Cl that are each isolated in the solid state as a hygroscopic solvate. In solution, the iron(II) complexes have been fully characterized by several spectroscopic methods and cyclic voltammetry. In the solid state, the complexes have been characterized by X-ray diffraction, and, in some cases, by Mössbauer spectroscopy. The Mössbauer studies show that the complexes remain high spin to 4 K and exclude spin-state changes as the cause of the surprising solid-state thermochromic properties of the complexes. Non-intuitive results of spectroscopic and structural studies showed that methyl substitution at the 3-and 5-positions of the pyrazolyl rings reduces the ligand field strength through steric effects whereas methyl substitution at the 4-position of the pyrazolyl rings increases the ligand field strength through inductive effects.
Introduction
The prevalence of the FeN5X coordination manifold in biological systems has served as an inspiration for the design of man-made iron complexes with nitrogenous pentadentate ligands.
1 Investigations into the coordination chemistry of such model compounds have greatly improved our understanding of natural metalloenzymes and have also lead to important new chemical discoveries that traverse research areas from bioinorganic to materials chemistry. Prominent among these pentadentate ligand systems is the PY5-R class, on the left of Fig. 1 . Iron PY5-R complexes have found utility in a variety of biological and non-biological inorganic studies. We recently developed a new class of potentially pentadentate ligands based on variants of tetra(pyrazolyl)lutidine, pz R 4lut, shown in the right of Fig. 1 . 5, 6 The ready availability of the nearly endless pyrazole derivatives and the simple synthetic routes to the pz R 4lut ligands presage numerous avenues for study in coordination chemistry. Our initial communication described a survey of some first row transition metal(II) chloride complexes of pz4lut, which showed that in the solid state nickel(II) was the best fit for the ligand pocket. 5 It was subsequently found in silver (I) chemistry that very different coordination modes and solution behaviour were obtained by making simple changes of the pyrazolyl substituents. 6 Given our ultimate desire to explore iron chemistry and the surprising results found for silver chemistry, we decided that it would be prudent to investigate whether substitution of hydrogen by methyls on pyrazolyl groups in pz R 4lut ligands would have any impact on the structures or electronic properties of their iron complexes. For this purpose, we first chose to examine iron(II) chloride complexes owing to their potential use as reagents for further chemistry.
Results and Discussion

Preparation
The pz**4lut ligand used in this work is new and has been prepared in a manner analogous to that previously described in the literature for the other three pz R 4lut ligands, 5, 6 as summarized in the experimental section and in the first portion of Scheme 1. One should note that the CoCl2-catalyzed rearrangement reaction 7 between 2,6-pyridinedicarboxaldehyde 8 (PDCA) and S(O)(pz**)2 (prepared in situ) was found to require an excess of the latter reagent for good yields of the pz**4lut ligand. Much lower yields (ca. 15-30% based on PDCA) of the pz**4lut ligand are obtained if only two equivalents of S(O)(pz**)2 are used. The excess H(pz**) used in the former preparative reaction can be recovered from the product mixture after synthesis by flushing the column with methanol and subliming the residue, a recovery which is fortuitous because this starting material is not commercially available.
Scheme 1 Preparation of the pz R 4lut ligands and their FeCl2 complexes. accessed by following the link in the citation at the bottom of the page.
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The reactions between methanol solutions of anhydrous FeCl2 and the various pz R 4lut ligands result in the precipitation of the microcrystalline iron(II) complexes [FeCl(pz4lut) ]Cl·2MeOH (1·2MeOH), [FeCl(pz 4Me 4lut) ]Cl·MeOH (2·MeOH), [FeCl(pz*4lut) ]Cl·2MeOH (3·2MeOH), and [FeCl(pz**4lut)]Cl·1.75MeOH (4·1.75MeOH) in high yield. The complexes exhibit relatively low solubilities in methanol of ca. 0.004, 0.01, 0.02, and 0.03 M for 1-4, respectively, and are practically insoluble in most other organic solvents and in water. The complexes are hygroscopic and form trihydrates, [Fe(Cl)(pz R 4lut)](Cl)·3H2O (combustion analyses), when left unprotected under ambient conditions for a few weeks. For this reason, electrochemical and spectroscopic measurements were made on samples freshly crystallized from methanol and vacuum dried. Room temperature magnetic susceptibility measurements indicate that complexes 1-4 are paramagnetic in solution with μeff > 5 μB that are typical for high-spin iron(II) (S = 2) with unquenched orbital angular momentum. Complexes 1 and 2 are also noticeably thermochromic in the solid state, at low temperature (77 K) the complexes are pale yellow and gradually become orange upon warming to room temperature and above. Comparisons of high and low temperature single crystal X-ray diffraction data for 1·CH2Cl2 and 4·1.75MeOH show comparable but insignificant variations in bond distances with temperature, see Supporting Information. Therefore, the solid-state thermochromic behaviour of 1 and 2 is attributed to changes in the intensity and possibly the energy of charge-transfer electronic transitions (vide infra) rather than to changes in the electronic spin state of the iron(II).
Solid State Structures
Single crystals suitable for X-ray diffraction have been obtained for each [FeCl(pz R 4lut )](Cl) complex either by cooling supersaturated methanol solutions to give 1·2MeOH, 3·2MeOH, 4·1.75MeOH, or by diffusion of diethyl ether into methanol solutions of 2 to give 2·MeOH·0.35Et2O. Selected views of the structures of various [FeCl(pz R 4lut) ] + cations are found in Fig. 2, 3 , and 4. Further depictions of all structures can be found in the Supporting Information. Selected bond distances and angles for the complexes are given in Table 1 . The ligand in each complex is pentadentate and gives rise to a accessed by following the link in the citation at the bottom of the page.
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FeN5Cl coordination environment. The iron-ligand bond distances in 1-4 are indicative of high-spin iron(II). For instance, the average Fe-N(pyrazolyl), Fe-Npz, bond distances in the complexes 1-4 are greater than 2.10 Å (Table 1) , distinctive of high-spin iron(II) in a wide range of complexes with pyrazolyl-containing ligands. In contrast, low-spin iron(II) derivatives have average Fe-Npz bond distances of ca. 1.98 Å.
9,10 Similarly, the Fe-N(pyridyl), Fe-Npy, bond distances in 1-4 (> 2.2 Å) are typical of high-spin iron(II) exemplified by the related PY5 complexes.
11 The Fe-Cl bond distance is rather insensitive to the ligand variation across the series 1-4 and remains in the narrow range of 2.3137(6) to 2.3512(9) Å. Interestingly, a comparison of the structures of the four complexes 1-4 (Fig. 3) and of the associated metric parameters (Table 1) reveals that these complexes can be divided into two subsets based on whether or not methyl groups occupy the 3-positions of the pyrazolyls that are proximal to the ironbound chloride. Complexes 3 and 4, with 3-methyl substituents, each have longer average Fe-Npz bonds of 2.280(2) Å and relatively large average FeN-NCmethine torsion angles of 6.6(2)° for 3 and 13.1(3)° for 4, values that are indicative of greater pyrazolyl ring twisting as compared with the other two derivatives with hydrogen at the 3-position of the pyrazolyls (Fe-Npz 2.197(1) Å, FeN-NCmethine 1.3(3)° for 1 and Fe-Npz 2.177(2) Å, FeN-NCmethine 4.6(3)° for 2). The space-filling structural representations in Fig. 4 reveal that the dichotomy in the two types of structures may be due in part to two types of steric interactions; those between 3-methyl substituents, see the red arrows in Fig. 4 , and those interactions between 3-methyl pyrazolyl substituents and the axial chloride group, see the yellow arrows in Fig.  4 . The increase in both the Fe-Npz bond lengths and in the twisting of the ligand pyrazolyl rings for 3 and 4 relative to 1 and 2 presumably alleviates unfavourable steric interactions in a similar, but less dramatic, manner than is found in related iron(II) tris(pyrazolyl)borate or tris(pyrazolyl)methane complexes in which the spin state changes depend on whether or not 3-methyl pyrazolyl substituents are present. accessed by following the link in the citation at the bottom of the page.
Dalton Transactions, Vol. 40, No. 31 (August 2011): pg. 8024-8034 . DOI. This article is © Royal Society of Chemistry and permission has been granted for this version to appear in e-Publications@Marquette. The Royal Society of Chemistry does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from the Royal Society of Chemistry. The solids obtained directly from the preparative reactions of 1-4 are microcrystalline as determined by powder X-ray diffraction measurements. In the cases of 1 and 3 where more than one type of crystal were obtained, comparison of the powder patterns with those predicted from the single crystal X-ray diffraction studies provide additional evidence (apart from combustion analyses) that the bulk samples are di-methanol solvates as exemplified for 1 in Fig. 5 (see the supporting information † for other examples). For 4, the experimental powder X-ray diffraction patterns of the microcrystalline precipitates match those calculated from the single crystal structural data indicating that the single crystals appear to be representative of the bulk samples, see the supporting information. † Fig. 5 Comparison of the X-ray diffraction patterns from the powder obtained directly from the preparative reaction of 1 (black, top) and those calculated using single-crystal X-ray diffraction data for the di-(middle) and mono-(violet, bottom) methanol solvates. accessed by following the link in the citation at the bottom of the page.
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Mössbauer Spectroscopy
The iron-57 Mössbauer spectra of two representative complexes, [FeCl(pz4lut) ]Cl·CH2Cl2, 1·CH2Cl2, and [FeCl(pz*4lut)]Cl·2MeOH, 3·2MeOH, have been measured as a function of temperature and representative spectra are shown in Fig. 6 . The remaining spectra are virtually identical to those shown in this figure; the parameters corresponding to the spectral fits are given in Table 2 . The temperature dependence of the isomer shifts, δ, quadrupole splittings, ΔEQ, and spectral absorption areas are shown in Fig. 7 . NOT THE PUBLISHED VERSION; this is the author's final, peer-reviewed manuscript. The published version may be accessed by following the link in the citation at the bottom of the page. 
Fig. 7
The temperature dependence of the isomer shifts, upper, the quadrupole splittings, center, and the logarithm of the spectral absorption areas, lower, observed for 1·CH2Cl2, left, and 3·2MeOH, right. The temperature dependence of the isomer shifts and the logarithm of the spectral absorption areas have been fit with the Debye model for a solid; the fits of the quadrupole splittings are discussed in the text. In the absence of error bars the errors are the size of the data points.
The Mössbauer spectra of 1·CH2Cl2 have been fit with a symmetric quadrupole doublet that is fully consistent 12 with the presence of a single pseudooctahedral high-spin iron(II) site, 5 also see 
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of 0.24 mm s −1 observed for an absorber containing 10 mg cm −2 of FeSO4·5H2O measured under the same experimental conditions. In contrast, the Mössbauer spectra of 3·2MeOH, which are also consistent 12 with the presence of pseudooctahedral high-spin iron(II), exhibit a larger line width of ca. 0.36 mm s −1 when fit with a single quadrupole doublet; the corresponding fits are rather poor. Because the X-ray structure of 3·2MeOH exhibits only one crystallographic iron(II) site, we believe that the broadened spectral absorption results from a partial loss of some of the MeOH molecules of solvation and/or their replacement with water of solvation to yield slight variations in the local environment about the iron(II) ion in 3·2MeOH. As a consequence of this broadening the spectra of 3·2MeOH have been fit with a distribution of 20 quadrupole components, i, with a fixed line width of 0.24 mm s −1 ; no correlation was found between the isomer shift and quadrupole splitting and hence a single isomer shift was used in these fits. The average quadrupole splitting, <ΔEQ>, as well as σ = <(ΔEQ,i − ΔEQ) 2 > 1/2 , the square root of the variance of the distribution, are included in Table 2 14 s −1 . These parameters indicate that a lattice component, qlat, of the electric field gradient at the iron(II) ion is most likely responsible for reducing the much larger qval valence contribution. Indeed, the Ingalls model would be expected to fail to fit the quadrupole splitting of 1·CH2Cl2 because the crystal field splitting is so large that there is little or no change in the Boltzmann thermal population of the higher energy orbitals upon cooling from 295 to 85 K. In contrast, the temperature dependence of the quadrupole splitting observed for 3·2MeOH is well fit with the Ingalls model, 14 see eqn (1), for a rhombic crystal field splitting of the t2g orbitals and yields Δ1 = 1370(10) cm −1 and Δ2 = 570(10) cm −1 , values that are consistent with the symmetry of the coordination environment about the iron(II) ion in 3·2MeOH.
A fit of the temperature dependence of the logarithm of the Mössbauer spectral absorption areas with the Debye model for a solid yields Debye temperatures, ΘD, of 155(5) and 149(2) K for 1·CH2Cl2 and 3·2MeOH, respectively, see the lower portions of Fig. 7 . It is well known 12 that the Mössbauer and Debye temperatures, obtained from the temperature dependencies of the isomer shifts and spectral areas, respectively, are different because they depend, for the isomer shift, on <v 2 >, the mean-square vibrational velocity of the iron-57, and, for the absorption area, on <x 2 >, the mean-square displacement of the iron-57; there is no model independent relationship between these values. 13 However, measurements of the Mössbauer temperatures on related iron(II) complexes 15, 16 indicate that ΘM is often at least twice as large as ΘD, i.e., the isomer shift is more sensitive to higher energy phonons. It appears that 1·CH2Cl2 and 3·2MeOH differ in their highenergy phonon distribution perhaps as a result of the loss of solvation molecules for 3·2MeOH.
Solution Properties
In a fashion similar to that reported previously for 1·CH2Cl2, the paramagnetic NMR spectra of each complex 1-4 in methanol and their accessed by following the link in the citation at the bottom of the page.
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295 K solution magnetic moments μeff 5.2-5.6 ± 0.3 μB obtained by the Evans method 17 are typical of high-spin iron(II) complexes. The colours of the complexes vary depending on the presence (or absence) and position of the methyl substituents. As solids, 1 is orange-yellow, 2 is orange, 3 and 4 are both yellow with 3 being brighter yellow as compared to 4. The colours of methanol solutions of the complexes resemble those in the solid state giving qualitative evidence that the complexes remain intact in methanol. Quantitative evidence for solution-phase complex formation and information regarding the electronic properties of the complexes were obtained from electronic absorption spectral data by using Job's method. An overlay of the low energy portion of the UV-spectra of methanol solutions of 1-4 are provided in Fig. 8 , more complete visible-NIR spectra are provided in the supporting information. † The spectra of 1-4 are comprised of four main bands. There are two higher-energy bands near λmax = 200 (ε ∼ 10 4 M −1 cm −1 ) and λmax = 254 nm (ε ∼ 10 3 M −1 cm −1 ), respectively, that may presumably be assigned to intra-ligand π-π* or n-π* transitions or perhaps metal to ligand charge transfer, 3dFe to π*(py), transitions based on both their energies and intensities and comparisons with the spectra for the free ligands and related complexes. There is also a medium-energy, lower-intensity band near 450 nm (ε ∼ 10 2 -10 3 M −1 cm −1 depending on the complex) that is tentatively assigned to a pπ (Cl) → Fedπ ligand to metal charge transfer (LMCT) band based on a comparison with the spectrum of FeCl2 and with literature assignments for related complexes.
11 This LMCT band gives rise to the observed colours of the complexes and the low-energy edge of their band progressively shifts from the violet region of the electromagnetic spectrum for 4 and 3 into the lower energy (blue) region for 1 and 2. Finally, there is a very weakintensity band (ε ∼10 0 -10 1 M −1 cm −1 ), or set of split bands due to the C4v local symmetry, found in the near-IR region for 1 and 2 with λmax ∼ 900 nm, for 3 and 4 with λmax ∼ 1000 nm, bands that are characteristic of d-d transition(s) associated with high-spin iron(II) ions. An estimate of 10 Dq for the four complexes obtained by using the average of the splitting of the d-d bands yields 10,400, 11,000, 9,700, and 9,800 cm −1 for 1-4, respectively. These values indicate that 3-methylpyrazolyl substitution (as in the cases of 3 and 4) resulted in ligands with a weaker crystal field compared to those with hydrogens at the 3-position of the pyrazolyls as in the cases of 1 and 2. This observation is also in accord with the steric arguments presented above. In contrast, replacing the hydrogen with a methyl at the 4-position of a pyrazolyl as in the cases of 2 and 4 modestly increases the ligand crystal field strength in the expected manner by increasing the ligands' σ-donor abilities through inductive effects. The isomolar titration data (Job's plots, ca. 10 −3 M in MeOH, see supporting information) † obtained by monitoring the change in absorbance of the charge-transfer bands near 400 to 450 nm confirmed that complexes with 1 : 1 FeCl2:pz R 4lut stoichiometry are formed immediately in solution. 
Conclusions
The systematic introduction of methyl groups along the pyrazolyl periphery of the tetra(pyrazolyl)lutidine ligand provides a simple means to fine-tune the apparent ligand field strength, as has been gauged by the properties of the corresponding iron(II) chloride complexes. There are small structural differences between those derivatives with and without groups at the 3-pyrazolyl position, proximal to the exogenous chloride ligand. Complexes 3 and 4, both with 3-methyl pyrazolyl substitution, show longer Fe-N bonds and greater pyrazolyl ring-twisting versus1 and 2 without such substitution. Although the structural changes are small, they result in accessed by following the link in the citation at the bottom of the page.
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modest differences in electronic properties that can be detected via examination of Mössbauer, UV-Vis-NIR spectroscopic, and electrochemical data. Derivatives with methyl groups at the 3-pyrazolyl position reduce the ligand crystal field strength via intra-and inter-ligand steric interactions whereas substitution at the 4-pyrazolyl position increases ligand field strength via inductive effects. The unfavourable steric interactions are also detrimental to electrochemical reversibility.
Experimental
Materials
Pyrazole (Hpz), 4-methylpyrazole (Hpz 4Me ), 3,5-dimethylpyrazole (Hpz*), 3-methyl-2,4-pentanedione (3Me-acacH), and FeCl2 were purchased from commercial sources and used as received. Literature procedures were used for the preparations of 2,6-pyridinedicarboxaldehyde (PDCA), 8 pz 4Me 4lut, pz*4lut, and [FeCl(pz4lut)]Cl·CH2Cl2, 1·CH2Cl2. 5 The ligand pz4lut was prepared as previously described, but purification by column chromatography on neutral Al2O3 required ethyl acetate as the eluent (Rf 0.7) rather than Et2O (Rf 0.15). 6 The synthesis of the di-methanol solvate [FeCl(pz4lut)]Cl·2MeOH, 1·2MeOH is included below for comparison. Solvents were dried by conventional methods and distilled prior to use. The syntheses of the iron(II) complexes were carried out under a nitrogen atmosphere by using standard Schlenk techniques. Owing to the hygroscopic behaviour, electrochemical and spectroscopic measurements of 1-4 were made on freshly crystallized from methanol and vacuum dried samples.
Instrumentation
Midwest MicroLab, LLC, Indianapolis, Indiana 45250, performed all elemental analyses.
1 H and 13 C NMR spectra were recorded on a Varian 400 MHz spectrometer. Chemical shifts were referenced to solvent resonances at δH 7.26 and δC 77.23 for CDCl3, δH 1.96 and δC 118.9 for CD3CN. Absorption spectral measurements were recorded on an Agilent 8453 accessed by following the link in the citation at the bottom of the page. 
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spectrometer. Melting point determinations were made on samples contained in glass capillaries using an Electrothermal 9100 apparatus and are uncorrected.
The magnetic moments were also measured in MeOH solution by the Evans method.
17
Electrochemical measurements were collected under a nitrogen atmosphere at a scan rate of 100 mV s −1 for samples that were ∼1 mM CH3OH solutions with 0.1 M NBu4HSO4 as the supporting electrolyte. A three-electrode cell comprised of an Ag/AgCl electrode (separated from the reaction medium with a semipermeable polymer membrane filter), a platinum working electrode, and a glassy carbon counter electrode was used for the voltammetric measurements. In this cell, the ferrocene/ferrocenium couple had an E1/2 value of +0.47 V.
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X-ray powder diffraction measurements were performed with a Rigaku MiniFlex II instrument by using Cu-Kα 1.54178 Å radiation.
The Mössbauer spectra of [FeCl(pz4lut)]Cl˙CH2Cl2, 1·CH2Cl2, and [FeCl(pz*4lut)]Cl·2MeOH, 3·2MeOH, have been measured between 85 and 295 K and between 4.2 and 295 K, respectively, on a constantacceleration spectrometer that utilized a room temperature rhodium matrix cobalt-57 source and was calibrated at 295 K with α-iron powder. The spectra of 1·CH2Cl2 and 3·2MeOH have been measured on absorbers that contained 56 and 22 mg cm −2 of compound, respectively, that had been crushed but not ground and dispersed in boron nitride powder. The spectra of 1·CH2Cl2 have been fit with a single symmetric quadrupole doublet whereas the spectra of 3·2MeOH have been fit with a distribution of quadrupole doublets, see below for more details. The estimated relative errors are ±0.005 mm s −1 for the isomer shifts, ±0.01 mm s −1 for the quadrupole splittings and line widths, and ±0.005 (%ε)(mm s −1 ) for the spectral absorption areas. The absolute errors are approximately twice as large.
3,4,5-trimethylpyrazole, Hpz**
This compound was prepared by using a modification of a literature procedure. 19 A solution of 5.215 g (104.2 mmol) hydrazine monohydrate in 30 mL CH3OH was slowly added via cannula transfer accessed by following the link in the citation at the bottom of the page.
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to a cold solution (0 °C, via external ice bath) of 11.89 g (104.2 mmol) 3Me-acacH in 60 mL CH3OH. After 15 min, the external ice bath was removed and the mixture was heated at reflux 1h. Then, solvent was removed by rotary evaporation and the resulting pale yellow solid was washed with minimal Et2O (10 mL) and was recrystallized by cooling a hot hexane solution to room temperature to give 11.07 g (96%) Hpz** as very pale yellow crystals. Mp, [137] [138] [136] [137] [138] [139] 191 H NMR (CDCl3) Tetrakis (3,4,5-trimethylpyrazol-1H-yl)-α,α,α′,α′-2,6-lutidine, pz**4lut A solution of 10.00 g (90.78 mmol, 6.0 equiv.) Hpz ** in 100 mL THF was added to a suspension of 2.216 g (92.33 mmol, 6.1 equiv.) NaH in 125 mL THF at a rate slow enough to control hydrogen evolution. The resulting solution was stirred magnetically at room temperature for 30 min, then 3.30 mL (5.40 g, 45.4 mmol, 3 equiv.) neat thionyl chloride was slowly added by syringe (dropwise, to control the slightly exothermic reaction) immediately causing the formation of a copious colorless precipitate. After the mixture had been stirred at room temperature for 1 h, 0.613 g (4.72 mmol, 30 mol%) CoCl2 and 2.058 g (15.23 mmol, 1 equiv.) PDCA were sequentially added as solids under a nitrogen blanket. The reaction flask was fitted with a condenser and the mixture was heated at reflux 40 h under nitrogen. After cooling to room temperature, 50 mL CH2Cl2 and 100 mL of 4 wt% NaHCO3 and 1 wt% EDTA in water were added to the mixture. The layers were separated and the aqueous phase was washed with three 50 mL portions of CH2Cl2. The combined organic layers were washed with two 100 mL portions of water, dried over MgSO4, and filtered to give a brown oily residue after removing solvent by rotary evaporation. The residue was subjected to column chromatography on neutral alumina by using Et2O as the eluent. The second band (Rf 0.76 on an Al2O3 plate) was collected and solvent was removed to give 5.67 g (69%) of the desired product as a colourless solid. In cases where solvent evaporation affords an oil, trituration with minimal fresh Et2O will give the compound as a powder. Mp, 169-170 °C. Anal. Calcd. (obsd.) for C31H41N9: C, 68.99 (68.92); H, 7.66 (7.56); N, 23.36 (23.27 147.5, 137.7, 137.5, 122.4, 112.7, 75.0, 12.2, 9.8, 8.2 . UV-Vis (CH3CN) λmax, nm (ε, M −1 cm −1 ): 227 (30,400), 268 (7,700).
A solution of 10.00 g (90.78 mmol, 6.0 equiv.) Hpz ** in 100 mL THF was added to a suspension of 2.216 g (92.33 mmol, 6.1 equiv.) NaH in 125 mL THF at a rate slow enough to control hydrogen evolution. The resulting solution was stirred magnetically at room temperature for 30 min, then 3.30 mL (5.40 g, 45.4 mmol, 3 equiv.) neat thionyl chloride was slowly added by syringe (dropwise, to control the slightly exothermic reaction) immediately causing the formation of a copious colorless precipitate. After the mixture had been stirred at room temperature for 1 h, 0.613 g (4.72 mmol, 30 mol%) CoCl2 and 2.058 g (15.23 mmol, 1 equiv.) PDCA were sequentially added as solids under a nitrogen blanket. The reaction flask was fitted with a condenser and the mixture was heated at reflux 40 h under nitrogen. After cooling to room temperature, 50 mL CH2Cl2 and 100 mL of 4 wt% NaHCO3 and 1 wt% EDTA in water were added to the mixture. The layers were separated and the aqueous phase was washed with three 50 mL portions of CH2Cl2. The combined organic layers were washed with two 100 mL portions of water, dried over MgSO4, and filtered to give a brown oily residue after removing solvent by rotary evaporation. The residue was subjected to column chromatography on neutral alumina by using Et2O as the eluent. The second band (Rf 0.76 on an Al2O3 plate) was collected and solvent was removed to give 5.67 g (69%) of the desired product as a colourless solid. In cases where solvent evaporation affords an oil, trituration with minimal fresh Et2O will give the compound as a powder. Mp, 169-170 °C. Anal. Calcd. (obsd.) for C31H41N9: C, 68.99 (68.92); H, 7.66 (7.56); N, 23.36 (23.27) .
1 H NMR (CDCl3): δ 7.64 (t, J = 8 Hz, 1H, H4-py), 7.40 (s, 2H, CH(pz)2), 6.98 (d, J = 8 Hz, 2H, H3,5-py), 2.10 (s, 12H, CH3), 1.96 (s, 12H, CH3), 1.84 (s, 12H, CH3).
13 C NMR (CDCl3): δ 155. 2, 147.5, 137.7, 137.5, 122.4, 112.7, 75.0, 12.2, 9.8, 8.2 . UV-Vis (CH3CN) λmax, nm (ε, M −1 cm −1 ): 227 (30,400), 268 (7,700). accessed by following the link in the citation at the bottom of the page.
[Fe(Cl)(pz4lut)]Cl·2MeOH, 1·2MeOH
A solution of 0.341 g (2.69 mmol) FeCl2 in 20 mL CH3OH was transferred via cannula to a colorless solution of 1.00 g (2.69 mmol) pz4lut in 15 mL CH3OH. The flask originally containing FeCl2 was washed with 15 mL MeOH to ensure quantitative transfer. Upon initial mixing, an orange solution had formed and after an induction period of about 1 min, a yellow-orange solid precipitated. After the suspension had been stirred for 1 h, the precipitate was collected by filtration, washed twice with 10 mL of Et2O, and dried under vacuum for 14 h to give 1.211 g (80%) of 1·2MeOH as a yellow microcrystalline powder. An additional 0. (170), 890 (4), 960 (4). A mixture of crystals of 1·2MeOH (major, prisms) and 1·MeOH (minor, block) suitable for single crystal X-ray diffraction were grown by slow cooling a 60 °C supersaturated solution to room temperature over the course of several hours. Powder X-ray diffraction indicates that the microcrystalline bulk sample from the reaction is mainly 1·2MeOH (with a trace of 1·MeOH, that could arise during the experiment). A powdered sample exposed to the laboratory atmosphere for several weeks analysed as a trihydrate. Anal. Calcd. 
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affords very small crystals of 2·2MeOH that were not suitable for single crystal X-ray diffraction. X-ray quality crystals of [FeCl(pz 4Me 4lut)](Cl)·MeOH·0.35Et2O, 2·MeOH·0.35Et2O were obtained by slow evaporation of solvents from an unsuccessful attempt at crystallization by vapor diffusion of Et2O into a MeOH solution of the complex. A crystalline sample exposed to the laboratory atmosphere over the course of about a week analysed as the hydrate, 2·H2O: Anal. Calcd (found) for C23H27N9Cl2FeO: C, 48.27 (48.05); H, 4.76 (4.47); N, 22.03 (21.71) . A powdered sample exposed to the laboratory atmosphere over the course of two weeks analysed as the dihydrate, 2·2H2O. Anal. Calcd. (obsd.) for C23H29N9Cl2FeO2, 2·2H2O: C, 46.80 (47.06); H, 4.95 (4.59); N, 21.36 (20.98) .
[Fe(Cl)(pz*4lut)]Cl·2MeOH, 3·2MeOH
Similar to the procedure above, a mixture of 0.265 g (2.09 mmol) FeCl2 and 1.010 g (2.09 mmol) pz*4lut in 60 mL CH3OH gave a total yield of 1.26 g, 89% (0.994 g insoluble portion and 0.266 g from filtrate) of 3·2MeOH as a yellow powder. Mp, [236] [237] [238] [239] [240] [241] [242] [243] [244] [245] [246] [247] [248] [249] [250] . Anal. Calcd. (obsd.) for C29H41N9Cl2FeO2: C, 51.64 (51.44); H, 6.13 (6.32); N, 18.69 (18.39) . μeff (Evans, CD3OD): 5.5 ± 0.1 μB. UV-Vis (CH3OH) λmax, nm (ε, M −1 cm −1 ): 228 (28,000), 266 (6,000), 404 (60), 985 (3). A mixture of crystals of mainly 3·2MeOH (plates) and trace amount of 3·MeOH (as needles, containing 11% bromide ion impurity, likely from FeCl2) suitable for single crystal X-ray diffraction were grown by slow cooling a hot (60 °C) supersaturated solution to room temperature over the course of several hours (slow evaporation of a methanol solution can be also be used to obtain a mixture of crystals). The PXRD data indicates that the microcrystalline bulk sample from the reaction is mainly 3·2MeOH. A powdered sample exposed to laboratory atmosphere for several weeks analysed as a mixed solvate, 3·2H2O·MeOH. Anal. Calcd. (obsd.) for C28H34N9Cl2FeO3, 3·2H2O·MeOH: C, 49.57 (49.35); H, 6.09 (5.97); N, 18.58 (18.34) . permission has been granted for this version to appear in e-Publications@Marquette. The Royal Society of Chemistry does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from the Royal Society of Chemistry.
[Fe(Cl)(pz**4lut)]Cl·1.75MeOH, 4·1.75MeOH
In a procedure similar to the above, a mixture of 0.232 g (1.83 mmol) FeCl2 and 0.989 g (1.83 mmol) pz**4lut in 30 mL CH3OH gave a total yield of 1.001 g (76%) (0.761 g insoluble and 0.250 g from filtrate) of 4·1.75 MeOH as a yellow powder. Mp, [236] [237] [238] [239] [240] [241] [242] [243] [244] [245] [246] [247] [248] [249] [250] . Anal. Calcd. (obsd.) for C32.75H48N9Cl2FeO1.75, 4·1.75 MeOH: C, 54.44 (54.07); H, 6.70 (6.70); N, 17.44 (17.68) . μeff (Evans, CD3OD, 295 K): 5.6 ± 0.2 μB. UV-Vis (CH3OH) λmax, nm (ε, M −1 cm −1 ): 230 (23,000), 268 (7,000), 404 (80), 989 (3). X-ray quality crystals were obtained by cooling a supersaturated MeOH solution at 65 °C to room temperature over the course of a few hours. Alternatively, slow evaporation of a methanol solution can also be used to obtain crystals. The powder X-ray diffraction pattern of the as-isolated solid from the preparative reaction matches the pattern calculated from the singlecrystal X-ray diffraction (see text and Supporting Information). A sample exposed to laboratory atmosphere over the course of a week analysed as the trihydrate, 4·3H2O: Anal. Calcd. (obsd.) for C31H47N9Cl2FeO3, 4·3H2O: C, 51.68 (51.30); H, 6.57 (6.52); N, 17.50 (17.45) .
Crystallography
While the low temperature (100 K) crystal structure of 1·CH2Cl2 has been reported previously, 5 the high temperature 270 K structure is given here for the first time. X-ray intensity data from an orange block of [FeCl(pz4lut) [FeCl(pz*4lut) ](Br0.11/Cl0.89)·MeOH, 3·MeOH, were collected at 270(2) K for the first complex and at 100(2) K for the remaining complexes with a Bruker AXS 3-circle diffractometer equipped with a SMART2 20 CCD detector (Cu-Kα radiation, λ = 1.54178 Å). X-ray intensity data from a yellow prism of [Fe(Cl)(pz4lut)]Cl·2MeOH, 1·2MeOH, a yellow block of [Fe(Cl)(pz4lut)]Cl·MeOH, 1·MeOH, and a yellow needle of [Fe(Cl)(pz**4lut)]Cl·1.75MeOH, 4·1.75MeOH were collected at 100(2) K with an Oxford Diffraction Ltd. Supernova diffractometer equipped with a 135 mm Atlas CCD detector, by using Cu-Kα radiation, λ = 1.54178 Å for 1·2MeOH and Mo-Kα radiation, λ = 0.7107 Å, for the accessed by following the link in the citation at the bottom of the page.
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other two complexes. Raw data frame integration and Lp corrections were performed with SAINT+ 20 for the data collected from the Bruker instrument but with CrysAlisPro 21 for that from the Oxford instrument. Final unit cell parameters were determined by least-squares refinement of 8435 reflections from the data set of 1·CH2Cl2, 5134 reflections from the data set of 1·2MeOH, 13123 reflections from that of 1·MeOH, 7705 reflections from that of 2·MeOH·0.35Et2O, 5682 reflections from that of 3·2MeOH, 2677 reflections from that of 3·MeOH, and 21423 reflections from that of 4·1.75MeOH, each with I > 2σ (I) . Analysis of the data showed negligible crystal decay during data collection in each case. Direct methods structure solutions, difference Fourier calculations and full-matrix least-squares refinements against F 2 were performed with SHELXTL. 22 Numerical absorption corrections based on the real shapes of the crystals for 1·CH2Cl2, 1·2MeOH, 2·MeOH·0.35Et2O, and 3·2MeOH were applied using SADABS 20 whereas an empirical absorption correction using spherical harmonics as implemented in the SCALE3 ABSPACK scaling algorithm was used for 4·1.75MeOH. Special details regarding structure solution and refinement follow. The crystal of 1·CH2Cl2 is a pseudo-orthorhombic twin consisting of two monoclinic components with beta angle close to 90°. The TWIN -1 0 0 0 -1 0 0 0 1 instruction was used during the refinement. For 1·2MeOH, the hydrogen atoms were put in geometrically calculated positions with Uiso = 1.2 Uiso/eq of an adjacent atom (1.5 Uiso/eq for methyl groups and hydroxyls) and were refined within a riding model using appropriate fixed distances to the adjacent atoms. The methyl and H2 hydroxyl hydrogens' positions were optimized rotationally to fit the residual electron density. Hydroxyl atom H1 had its y and z coordinates refined with O-H distance constrained. The space group Cmc21 was chosen because the structure is non-centrosymmetric but its cations emulate a second, pseudo mirror plane (apparent space group is Cmcm). This pseudo-symmetry is broken by solvent molecules. The resulting structure either represents a racemic twin (and was handled this way) or the anomalous contributions from solvate oxygens are not enough to break the apparent centrosymmetric statistics. For 1·1MeOH, the solvate MeOH molecule is disordered over crystallographic 2-fold axis being tilted by ∼41° relative to it. For 2·MeOH·0.35Et2O, a partially populated (∼70%) solvate Et2O molecule is statistically disordered over crystallographic centre of symmetry. No other geometrical restraints accessed by following the link in the citation at the bottom of the page.
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were applied during data refinement. The anisotropic refinement was unstable, so the molecule was refined isotropically. For 3·2MeOH two methanol molecules are disordered over crystallographic mirror planes. One is disordered completely -its C-O bond makes an angle of 60.4° with the mirror plane. Another molecule lies in the mirror plane except for the hydrogen atoms of the methyl group which are effectively disordered over two positions. In 3·MeOH, a chloride ion is partially and isomorphously replaced by a bromide anion (initially detected by unreasonably reduced thermal atomic parameters in a bromide-free treatment). Both ions were restrained to have the same coordinates and anisotropic thermal parameters but their partial populations were refined assuming total population equal to unity. For 4·1.75MeOH, the residual electron density in spacious channels occupied by solvent was modelled by a set of methanol molecules that were refined anisotropically with arbitrary population coefficients. It was not possible to localize the corresponding hydrogen atoms and an attempt to place them geometrically was unsuccessful (and gave an unstable refinement). In all other cases, non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were placed in geometrically idealized positions and included as riding atoms. The Xray crystallographic parameters and further details of data collection and structure refinements are presented in Tables 3 and 4 . 
